S U M M A R Y The testis consists of two types of tissues, the interstitial tissue and the seminiferous tubule, which have different functions and are assumed to have different nutritional metabolism. The localization of enzymes of the mitochondrial fatty acid b-oxidation system in the testis was investigated to obtain a better understanding of nutrient metabolism in the testis. Adult rat testis tissues were subjected to immunoblot analysis for quantitation of the amounts of enzyme proteins, to DNA microarray analysis for gene expression, and to immunofluorescence and immunoelectron microscopy for localization. Quantitative analysis by immunoblot and DNA microarray revealed that enzymes occur abundantly in Leydig cells in the interstitial tissue but much less so in the seminiferous tubules. Immunohistochemistry revealed that Leydig cells in the interstitial tissue and Sertoli cells in the seminiferous tubules contain a full set of mitochondrial fatty acid b-oxidation enzymes in relatively plentiful amounts among the cells in the testis, but that this is not so in spermatogenic cells. This characteristic localization of the mitochondrial fatty acid b-oxidation system in the testis needs further elucidation in terms of a possible role for it in the nutritional metabolism of spermatogenesis. (J Histochem Cytochem 58:195-206, 2010) 
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The testis consists of two types of tissues, the interstitial tissue and the seminiferous tubule; the major components of the former are testosterone-secreting Leydig cells, and of the latter the seminiferous epithelium, in which spermatogenesis occurs (Bloom and Fawcett 1975) . Leydig cells are known to be able to utilize glucose and a ketone body to maintain their steroidogenesis (Amrolia et al. 1988 ); however, their relationship to fatty acid b-oxidation is not clear. The presence of per-oxisomes (Reddy and Svoboda 1972a,b) containing peroxisomal fatty acid b-oxidation enzymes (Nemali et al. 1988 ) has been examined in Leydig cells in the interstitial tissue of the testis. In contrast, almost nothing is known on a mitochondrial fatty acid b-oxidation system in Leydig cells, although they contain abundant mitochondria (Mori and Christensen 1980) . The seminiferous epithelium consists of two types of cells, Sertoli cells and spermatogenic cells (i.e., spermatogonia, spermatocytes, and spermatids), both of which are known to be necessary for spermatogenesis (Cooke and Saunders 2002) , and in which significant interactions between Sertoli cells and spermatogenic cells are known to occur (Mruk and Cheng 2004) . The energy needed for proliferation and differentiation of spermatogenic cells is thought to be provided mainly by glucose and the products of glycolysis, pyruvate and lactate (Grootegoed et al. 1984; Boussouar and Benahmed 2004) . The latter two have been suggested to be provided by Sertoli cells (Robinson and Fritz 1981) . In contrast to glucose metabolism in seminiferous epithelium, fatty acids as another major source of energy production have not received much attention since the first report of fatty acid oxidation in spermatogenic cells (Jutte et al. 1981) .
Knowledge of the distribution of the individual mitochondrial fatty acid b-oxidation enzymes is quite limited, even though fatty acid b-oxidation should play important roles in energy production in the body. Mitochondria are cell organellae known to be distributed in all types of cells and tissues (De Duve 1984) . The contribution of mitochondria to substrate oxidation in intact cells and tissues is generally considered to depend on their ability to oxidize fatty acids and on their relative abundance. The amounts of mitochondrial fatty acid b-oxidation enzymes have been shown to be almost the same in the organs hitherto examined: the liver, the kidney, and the heart (Cook et al. 2000) . The process of mitochondrial fatty acid b-oxidation dealt with in the present study is as follows. After fatty acyl-CoAs, activated forms of fatty acids, are translocated into the mitochondrial matrix, they are first oxidized by two inner membrane-associated enzymes, very long chain acyl-CoA dehydrogenase (VLCAD) ) and enoyl-CoA hydratase/3-hydroxyacyl-CoA dehydrogenase/3-ketoacyl-CoA thiolase trifunctional protein (TFP) . The carbon chain-shortened fatty acyl-CoAs are then completely b-oxidized by the second mitochondrial enzyme system located in the mitochondrial matrix, called the classical pathway, to acetyl-CoA (Hashimoto et al. 1999 ). This metabolic system in mitochondria is composed of enzymes catalyzing four steps of reaction by acyl-CoA dehydrogenases, enoyl-CoA hydratase (MH), 3-hydroxyacyl-CoA dehydrogenase (HADH), and 3-ketoacyl-CoA thiolase (MTL1) (Ikeda et al. 1985; Reddy and Hashimoto 2001) . In the first step, isozymes of the acyl-CoA dehydrogenases have different substrate specificities for long, medium, and short carbon chain lengths of the substrates [long-chain acyl-CoA dehydrogenase (LCAD), medium-chain acyl-CoA dehydrogenase (MCAD), and short-chain acyl-CoA dehydrogenase (SCAD)].
While studying the nutritional environment in the testis, we attempted also to examine the difference in the distribution of mitochondrial fatty acid b-oxidation enzymes in the two testicular tissues, the interstitial tissues and the seminiferous tubules. In the preliminary study, a distinctive difference in the relative contents of several enzymes between the interstitial tissues and the seminiferous tubules in the testis was noticed. This observation prompted us to examine the localization of the individual enzymes of mitochondrial fatty acid b-oxidation in the testis by immunohistochemistry.
Materials and Methods
Animals Testicular tissues of male Wistar rats, postnatal week 12, were used. Animal care and experiments were done according to Fujita Health University School of Medicine Animal Care Committee recommendations. Animals were sacrificed under deep anesthesia with sodium pentobarbital to obtain tissues for use in biochemical experiments. Perfusion fixation of animals for histological experiments was done also under deep anesthesia with sodium pentobarbital.
Separation of Testicular Tissues
Rat testis tissues were cut into small pieces of 5 mm with scissors, and the loops of seminiferous tubules and the interstitial tissues were picked up using tweezers from testicular tissues under a dissecting microscope (Reddy and Svoboda 1972a,b; Watanabe et al. 1984) . The interstitial tissues and seminiferous tubules after separation were subjected to light microscopy and slab gel electrophoresis to determine the effectiveness of the separation. For light microscopy, they were doubly fixed with buffered 2.5% glutaraldehyde and 1% osmium tetroxide. After dehydration with graded ethanol series and acetone, they were embedded in an epoxy resin. One-mm sections were stained with 1% toluidine-blue solution and photomicrographed. The procedure for slab gel electrophoresis is described below.
Antibodies
The source of primary polyclonal antibodies raised in rabbits against the purified protein preparations used in this study were previously described (Aoyama et al. 1998; Hashimoto et al. 1999; Cook et al. 2000) , except that for citrate synthase (CS). For raising CS antibody, rabbits were immunized with commercial bovine heart CS (Boeringer Manheim GmbH; Manheim, Germany) using a procedure described in Usuda et al. (1986) , and the IgG fraction of the serum was obtained (Usuda et al. 1986 ). The antibody was characterized by immunotitration and immunoblot analysis. Immunotitration was made by immunoprecipitation on a partially purified CS preparation from rat liver tissues (Moriyama and Srere 1971) . Various amounts of antibody were added to a fixed amount of CS enzyme preparation. An aliquot of supernatant was used for assay of enzyme activity of CS (Srere 1969) . For the labeling of Sertoli cells, a commercial monoclonal antibody for tyrosinated a-tubulin was employed (Sigma; St Louis, MO).
Slab Gel Electrophoresis
Tissues were homogenized in 0.25 M sucrose, 50 mM potassium phosphate, pH 7.5, 1 mM EDTA, 1 mM benzamidine, 4 mg/ml leupeptin, 4 mg/ml pepstatin, and 4 mg/ml E-64. The homogenate was mixed with an equal amount of a sample buffer containing 5% sodium dodecyl sulfate (SDS) and boiled for 5 min. The samples were subjected to 10% SDS-slab gel electrophoresis (Laemmli 1970) . Protein concentration of the homogenate was measured using a modification by Markwell et al. (1981) of the original Lowry method (Lowry et al. 1951 ) with bovine serum albumin as a standard.
Immunoblot Analysis and Its Quantitation
Following slab gel electrophoresis, transfer blotting of proteins was done onto nitrocellulose membranes (Towbin et al. 1979) . After blocking with 5% bovine serum albumin, they were treated with the primary antibodies and then with alkaline phosphatase-labeled goat anti-rabbit IgG for color development with bromochloro-indolyl phosphate/nitroblue tetrazolium. Signal images were scanned into a microcomputer, and signal intensities were measured with National Institutes of Health Image software. The intensity of the total density of the area was measured as the product of the area (pixels) and the density (256 gradings/pixel). The immunoblots for the interstitial tissues and seminiferous tubules were done with amounts of homogenates whose signal densities fell in the range shown with the liver homogenates.
Immunofluorescence Microscopy
Tissues were processed as reported previously (Usuda et al. 1991a) . Tissues were fixed with 4% paraformaldehyde in 100 mM sodium phosphate, pH 7.4, by perfusion through the left heart ventricle for 15 min and by immersion for 3 hr at 4C. After washing with 100 mM lysine in 100 mM sodium phosphate, pH 7.4, and 150 mM sodium chloride to quench free aldehyde groups for 3 hr, they were immersed in graded sucrose solutions: 10%, 15%, and 20% for 10 hr each and frozen in a mixture of dry ice and N-hexane. Sections of 10-mm thickness were cut on a cryostat microtome (Leica Microsystems; Wetzlar, Germany) and collected on aminosilane-coated glass slides. After permeabilization with 0.1% Triton X-100 in 100 mM sodium phosphate, pH 7.4, and 150 mM sodium chloride, specimens were treated with Image-iT Signal Enhancer (Invitrogen, Inc.; Eugene, OR). They were then labeled with primary antibodies (10 mg/ml IgG) and detected with Alexa Fluor 488-labeled goat anti-rabbit IgG and Alexa Fluor 546-labeled goat anti-mouse IgG (Invitrogen, Inc.). For showing the specificity of the antibody, controls of light microscopic immunohistochemistry are presented with the antibody preabsorbed with purified enzyme by a procedure reported as described ) and non-immune IgG fraction of the rabbit serum. Some of the specimens were stained with 0.5 mg/ml 4′,6-diamino-2-phenylindole (DAPI) (Invitrogen, Inc.) in 20 mM sodium phosphate, pH 7.4, 150 mM sodium chloride for 5 min for visualizing nuclei. Specimens were observed with an Axiovert 200M microscope equipped with an ApoTome (Carl Zeiss Co. Ltd.; Jena, Germany) and a differential interference contrast (DIC) microscope with a 203 plan/ apo objective lens, and photomicrographed with an AxioCam CCD camera, or with a confocal laser scanning microscope (CLSM) LSM510 with a 633 plan/apo objective lens (Carl Zeiss Co. Ltd.). Image acquisition was done with software, AxioVision ver. 4.6.3 for the AxioVert microscope, and LSM510 ver. 3.2 for LSM images (Carl Zeiss Co. Ltd.). Image processing was done with software, AxioVision ver. 4.6.3 and LSM Image Browser ver. 3.5.0 (Carl Zeiss Co. Ltd.).
Immunoelectron Microscopy
Immunoelectron microscopy was done as reported previously (Usuda et al. 1991b; Miyanari et al. 2007 ). Rats were fixed by perfusion from left ventricles for 15 min with 4% paraformaldehyde/0.2% glutaraldehyde in 100 mM sodium phosphate, pH 7.4, at 4C and by immersion for 3 hr. After washing with 100 mM lysine in 100 mM sodium phosphate, pH 7.4, and 150 mM sodium chloride, they were dehydrated in a graded series of cold ethanol. The tissues were embedded in Lowicryl K4M (Polyscience; Warrington, PA) by polymerization by ultraviolet irradiation at 220C. Ultrathin sections of 0.1 mm were cut on an ultramicrotome and collected on nickel grids with polyvinyl formal membrane. They were stained with polyclonal antibodies (100 mg/ml IgG) at 4C for 12 hr and a solution of 10-nm gold particles conjugated with goat anti-rabbit IgG (British Biocell International; South Wales, UK) at room temperature for 2 hr. Specimens were observed with a JEM1010 electron microscope (JEOL; Tokyo, Japan) at an accelerating voltage of 80 kV after staining with uranyl acetate and lead citrate. Image acquisition was done with a Gatan BioScan Model 792 CCD camera and Digital Micrograph ver. 3.9.3 software (Gatan; Pleasanton, CA).
Morphometric Analysis of Labeling Density
Morphometric analyses of the labeling density (Bendayan and Reddy 1982) were performed on 1300 electron micrographs to obtain the immunolabel concentration (Nemali et al. 1988) to show relative amounts of enzymes in cells, and the labeling density to show the background staining. The volume density of mitochondria was calculated in relation to cytoplasmic volume in every type of testicular cell, and the labeling density was expressed as the number of gold particles/mm 2 of the volume of mitochondria. Immunolabel concentration was expressed per unit of volume by multiplying mitochondrial volume density by labeling density of the mitochondria. The labeling density of each compartment of Leydig cells was compared with that of mitochondria to evaluate the background staining. The areas of cellular compartments on digital images were measured with Image Pro Plus software (ver. 5.0.2.9) (Media Cybernetics; Bethesda, MD).
Stages of the Seminiferous Epithelium
The cycle of the seminiferous epithelium was divided into 14 stages as stages I-XIV, following a description in the previous literature (Leblond and Clermont 1952) . Light microscopy to determine the stages was done mostly by immunofluorescence microscopy and DIC observation, based on cellular association in the seminiferous epithelium, the flagella in the lumen of the tubules, the location of the heads of spermatids stained with DAPI, the thickness of the seminiferous epithelium, and the staining patterns of Sertoli cells for tyrosinated a-tubulin (Wenz and Hess 1998) . The 14 stages were combined into five stage groups (groups 1-5) based on the staining patterns of microtubules in the Sertoli cells (Wenz and Hess 1998) . In electron microscopic analysis, stages were examined based on the location of ellipsoid-shaped nuclei of spermatids around Sertoli cells, the layers of spermatids with various shapes of acrosomes, and the remaining cytoplasm around the flagella of spermatids.
DNA Microarray Experiments
DNA microarray analysis was done as previously described (Hayashi et al. 2007) . Total RNA was extracted from tissues using QuickGene (Fujifilm; Tokyo, Japan) and was quantified spectrophotometrically at 260 nm. The quality of RNA was checked on a Bioanalyzer 2100 system (Agilent Technologies; Waldbronn, Germany). Five hundred-ng aliquots of each or pooled RNA samples under the respective conditions were labeled using an Agilent low RNA input fluorescent linear amplification kit. After checking the labeling efficiency, 1-pg aliquots of Cy5-labeled cRNA of seminiferous tubules or interstitial tissue of testis from four animals and the mixture of Cy3-labeled cRNA of liver tissues from four animals were hybridized to Agilent whole-genome rat oligo microarrays. Hybridization was done at 65C for 17 hr by four aliquots of one cRNA of testicular tissues from one animal and a mixture of cRNA of liver from four animals. After the washing step, the microarray slides were analyzed using an Agilent microarray scanner. Data were analyzed using Agilent feature extraction software ver. 9.5. Relative expressions of fatty acid b-oxidation enzymes were expressed as the average of values from testicular tissues of four animals.
Statistical Analysis
The results are expressed as means 6 standard deviation, and the differences were compared by Student's t-test. A difference of p,0.05 was considered to be significant.
Results

Characterization of CS Antibody
Immunotitration indicated that the antibody reacted proportionally with the enzyme in the preparation of rat liver CS ( Figure 1A) . Immunoblot analysis showed only one signal for preparations of rat liver, the interstitial tissue, and seminiferous tubules, with mobility of 49 kDa ( Figure 1B) , which corresponds to the size of a monomer of CS (Moriyama and Srere 1971) . These data suggested the monospecificity of the antibody preparation. Figures 2A-2I show the distribution of the mitochondrial fatty acid b-oxidation enzymes in the two tissues of the testis, the interstitial tissues and the seminiferous tubules, and of CS as a TCA cycle enzyme. The staining pattern was granular, and the distribution of the staining depended on the type of enzyme examined. All of the mitochondrial fatty acid b-oxidation enzymes were Immunofluorescent micrographs of adult rat testis observed at low-power magnification stained for mitochondrial fatty acid b-oxidation enzymes (A-H) and CS (I), with the seminiferous epithelium at stage VII, together with differential interference contrast observation. Arrowhead, interstitial tissue; asterisk, seminiferous tubule. Note that the seminiferous epithelium is negative for the staining for mitochondrial fatty acid b-oxidation enzymes, whereas the interstitial tissue is positive for all of them. Both the interstitial tissues and seminiferous epithelial cells are positive for CS. VLCAD, very long chain acyl-CoA dehydrogenase; LCAD, long-chain acyl-CoA dehydrogenase; MCAD, medium-chain acyl-CoA dehydrogenase; SCAD, short-chain acyl-CoA dehydrogenase; MH, enoyl-CoA hydratase; HADH, 3-hydroxyacyl-CoA dehydrogenase; MTL1, 3-ketoacyl-CoA thiolase; TFP, trifunctional protein.
Immunofluorescent Microscopy at Low-power Magnification
Figure 3
Immunofluorescent micrographs of adult rat testis observed at low-power magnification for showing control stainings. Tissue sections were stained with the antibody for a mitochondrial fatty acid b-oxidation enzyme, MTL1 (A), the same antibody preabsorbed with purified enzyme of MTL1 (B), and IgG fraction of non-immune serum (C). Asterisk, small artery in the interstitial tissue. Note that the staining of Leydig cells in the interstitial tissue is relatively more intense than that of the seminiferous epithelium. Note also that preabsorption of the antibody with MTL1 enzyme markedly diminished the staining. located mainly in the interstitial tissues, and the staining of the seminiferous tubules was distinctively weaker than that of the interstitial tissues under low-power magnification (Figures 2A-2H) , showing that they are present in low amounts. When the seminiferous tubule is observed without DIC microscopy, the reaction product for a seminiferous epithelium is relatively weak; however, granular stainings are regularly arranged (Figure 3A) . CS, employed as a marker for mitochondria, was equally localized in these two tissues ( Figure 2I) , showing that mitochondria are equally distributed in the two tissues. Immunofluorescent stainings of rat testis with the antibody preabsorbed with the immunogen and with the IgG fraction of non-immune rabbit serum were consistently negative. These control stainings are exemplified by MTL1 ( Figures 3A-3C ).
Separation of Testicular Tissues and Distribution of Fatty Acid b-Oxidation Enzymes by Immunoblot Analysis and by DNA Microarray
The two preparations, the interstitial tissues and the seminiferous tubules, were quite different tissues by light microscopic observation. The preparations of the seminiferous tubules were practically devoid of interstitial tissues (Figures 4A and 4B) . Electrophoresis of the two types of tissue from three animals showed the two preparations to consist of different peptides (Figure 4C) . Light microscopy and electrophoresis showed a very small amount of mixing of the two tissues, if present. Figure 5 summarizes the results of immunoblot analysis of mitochondrial fatty acid b-oxidation enzymes. The interstitial tissue and the seminiferous tubules from three rats were run together with three pooled liver samples. All antibodies were nearly monospecific for rat liver tissues. A single band was observed for most of the enzymes, except for TFP. The antibody detected aand b-subunits of TFP, the former carrying the sites of enoyl-CoA hydratase/3-hydroxyacyl-CoA dehydrogenase activities, and the latter carrying the 3ketoacyl-CoA thiolase site ). All of the enzymes of a mitochondrial fatty acid b-oxidation system were detected in the two testicular tissues when the same amount of the two samples was employed for analysis, but the signals for some enzymes were too faint for proper quantitative determination. A 5-fold amount of samples of seminiferous tubules was therefore employed in the analysis. The relative amounts of enzymes were quantified from the sizes and intensities of signals (Table 1) . All enzymes in the interstitial tissues were 0.5-to 1.5-fold those in liver tissues, with the exception of TFP, which showed 4.6-fold the amount Figure 4 Analysis of the separation of testicular tissues. Light micrographs of the seminiferous tubules (A) and the interstitial tissue (B), and electrophorogram of their polypeptides (C). Three samples prepared separately from three animals were subjected to electrophoresis with 10 mg of protein for interstitial tissues (I), and with 80 mg of protein for seminiferous tubules (S). The positions of the standard proteins are indicated. Note that the separated interstitial tissue is devoid of seminiferous tubules, and vice versa, and that seminiferous tubules and interstitial tissues show quite different polypeptide profiles. Figure 5 Immunoblot analysis of the interstitial tissues and seminiferous tubules of the testis. The separated preparations of the interstitial tissues (I) and the seminiferous tubules (S) with 1 mg of protein were analyzed with pooled liver from three rats (L) with 1 mg of protein. The lanes marked S 35 show blots with five times the amount of protein (5 mg). Note that all of the mitochondrial fatty acid b-oxidation enzymes are abundantly present in the interstitial tissue, whereas the signals in the seminiferous tubule are very faint, when compared with the liver tissues. In contrast, CS is present in both the interstitial tissue and the seminiferous tubule in amounts similar to those in liver tissue. (See Figure 2 legend for abbreviations.) in liver tissues. Amounts in the seminiferous tubules were far less than those in the liver tissues, less than 0.21-fold, with the exception of TFP, which showed 1.4-fold the amount in liver tissues. The relative contents of mitochondrial fatty acid b-oxidation enzymes were 0.229-0.088 for the first-step enzymes VLCAD, LCAD, MCAD, and SCAD; 0.252 for the second-step enzyme, MH; 0.123 for the third-step enzyme, HADH; and 0.003 and 0.364 for the fourth-step enzymes MTL1 and TFP. The interstitial tissues contained mitochondrial fatty acid b-oxidation enzymes in amounts comparable to those of liver tissues, whereas the seminiferous tubules contained far less, with the exception of TFP. When the amounts were compared between the interstitial tissues and the seminiferous tubules, the amounts of all mitochondrial fatty acid b-oxidation enzymes were far less in the seminiferous tubules. The distribution of CS, examined as a control, showed similar values for both the interstitial tissues and the seminiferous tubules. Relative values of gene expression of fatty acid b-oxidation enzymes in testicular tissues compared between the interstitial tissues and seminiferous tubules were also examined ( Table 1) . The values in seminiferous tubules were one tenth those of the interstitial tissues, indicating that the magnitude of gene expression of each fatty acid b-oxidation enzyme in the seminiferous tubules is far smaller than that in the interstitial tissues.
Immunofluorescence Microscopy at High-power Magnification by CLSM Detailed microscopic examination of the seminiferous epithelium was made with regard to the type of mitochondrial fatty acid b-oxidation enzymes ( Figure 6 ) and the cycle of the seminiferous epithelium (Figure 7) . Granular staining of Sertoli cells was obtained for all types of mitochondrial fatty acid b-oxidation enzymes (Figures 6A-6H) . Spermatogenic cells were not labeled with these antibodies, except for TFP, for which a distinctive staining in spermatogenic cells, especially in spermatocytes, was observed ( Figure 6H ). In the seminiferous epithelium stained for CS to show the presence of mitochondria, both Sertoli cells and spermatogenic cells were clearly labeled ( Figure 6I ). The differences in the localization of MTL1, TFP, and CS at various stages of the maturation of the seminiferous epithelium are shown in Figures 7A-7I . Observation of the seminiferous epithelium was done based on its cycle, stages I-XIV described as groups 1-5, to see whether any change in the localization of mitochondrial fatty acid b-oxidation enzymes occurs. Micrographs of MTL1, as a representative of mitochondrial fatty acid b-oxidation enzymes, for which only Sertoli cells were positive in the seminiferous epithelium, are presented in Figures 7A-7C . The types of cells positive for the staining did not change in the cycle of the seminiferous epithelium ( Figures 7A-7I ). Micrographs of TFP, a mitochondrial fatty acid b-oxidation enzyme, for which both Sertoli cells and spermatogenic cells were positive in the seminiferous epithelium, are presented in Figures 7D-7F . Micrographs of CS, a TCA cycle enzyme, for which both Sertoli cells and spermatogenic cells were positive in the seminiferous epithelium, are presented in Figures 7G-7I . The types of cells showing localization of mitochondrial fatty acid b-oxidation enzymes are consistently the same, irrespective of stage.
Immunoelectron Microscopy
Antibodies to MTL1, TFP, and CS were employed in the light microscopic observation, in which the labeling of mitochondria by gold particles was clearly visualized. Staining intensities of mitochondrial fatty acid boxidation enzymes varied with the antibodies employed in the analysis and the cell type. Mitochondria in Leydig cells and Sertoli cells were positively stained for MTL1, The quantity of each enzyme in the interstitial tissues and seminiferous tubules of the testis relative to the liver tissues was estimated on the immunoblots (see Figure 5 ). The relative value of the signals for testicular tissues against those for liver tissues is expressed as the average 6 SD. The ratio S/I expresses the ratio of the amount of an enzyme in the seminiferous tubules to that in the interstitial tissues. Asterisk, the values for the interstitial tissues and the seminiferous tubules are significantly different, p,0.05; n.s., values are not significantly different. The intensity of gene expression of each enzyme of mitochondrial b-oxidation in the interstitial tissues and seminiferous tubules was analyzed by DNA microarray. The ratio S/I expresses the gene expression of the amount of an enzyme in the seminiferous tubules to that in the interstitial tissues. Note that the relative amounts and gene expressions of fatty acid b-oxidation enzymes in the seminiferous tubules against the interstitial tissues are about 1/10. VLCAD, very long chain acyl-CoA dehydrogenase; LCAD, long-chain acyl-CoA dehydrogenase; MCAD, mediumchain acyl-CoA dehydrogenase; SCAD, short-chain acyl-CoA dehydrogenase; MH, enoyl-CoA hydratase; HADH, 3-hydroxyacyl-CoA dehydrogenase; MTL1, 3-ketoacyl-CoA thiolase; TFP, trifunctional protein; CS, citrate synthase.
but those in spermatogenic cells were relatively weakly labeled ( Figures 8A-8E) . In contrast, mitochondria in all types of seminiferous epithelial cells and Leydig cells were positively stained for TFP, although the staining intensity was low ( Figures 8F-8J) . Similarly, mitochondria of all types of seminiferous epithelial cells and Leydig cells were positively stained for CS ( Figures 8K-8O) . The immunolabel concentration for MTL1 in Leydig cells was higher than in cells of seminiferous tubules ( Figure 9A ). Higher immunolabel concentration for MTL1 in Sertoli cells than in other types of cells of seminiferous epithelium was noticed. The immunolabel concentrations for TFP and CS were also higher in Leydig cells than in cells of seminiferous tubules (Figures 9B  and 9C ). The labeling densities of mitochondria for MTL1, TFP, and CS were higher than those in other cellular compartments in Leydig cells ( Figures 9D-9F ). Low labeling densities of peroxisomes, which are known to contain a peroxisomal fatty acid b-oxidation system (Nemali et al. 1988 ), were noticed. Low labeling densities of compartments other than mitochondria show the specificity of the immunolabeling.
Discussion
In the present study, the localization of the individual enzymes of the mitochondrial fatty acid b-oxidation system in the testis was described. In addition to the immunohistochemical localization of these enzymes to the interstitial tissues and their near total absence in the seminiferous tubules, quantitative immunoblot analysis also showed most of them to be much less in the seminiferous tubules than in the interstitial tissues. The abundance of each enzyme in the interstitial tissues was roughly comparable to that in the liver, the kidney, and the heart (Cook et al. 2000) . The extraordinarily small amounts of most mitochondrial fatty acid b-oxidation enzymes, especially LCAD and SCAD, in the seminiferous tubules may suggest that the reaction catalyzed by these enzymes is very limited in the seminiferous tubules, and that this Figure 7 Immunofluorescent micrographs of seminiferous tubules observed at high-power magnification, stained for mitochondrial fatty acid b-oxidation enzymes, MTL1 (A-C) and TFP (D-F), and CS (G-I) as a marker for mitochondria (green), tyrosinated a-tubulin (red) as a marker for Sertoli cells, and 4′,6-diamino-2-phenylindole for nuclear staining, at various stages expressed as three groups (1, 3, and 5), to show the difference in the localization of enzymes among the stages. Note that the staining patterns are the same among all the groups.
is a characteristic feature of this tissue. A previous study (Cook et al. 2000) reported that the individual mitochondrial fatty acid b-oxidation enzymes are coordinately expressed, the ratios of the individual enzymes being similar in liver, kidney, and heart, providing a proper control of the metabolic flow in this system. However, we found the seminiferous tubule to have different ratios of enzyme contents. The seminiferous tubules would thus appear to be the first example of a tissue whose amounts of individual mitochondrial fatty acid b-oxidation enzymes are highly limited. Light and electron microscopic immunohistochemistry demonstrated the presence of the full set of mitochondrial fatty acid b-oxidation enzymes in Leydig cells in the interstitial tissues and in Sertoli cells in the seminiferous epithelium, whereas most of these enzymes were either absent or present only in small amounts in spermatogenic cells. Although their ultrastructures are Note that mitochondria of Sertoli cells and Leydig cells are strongly positive for the staining for MTL1, TFP, and CS; in contrast, the staining intensity of spermatogenic cells varies among the three enzymes. different, mitochondria are ubiquitous cell organellae in all types of cells and tissues, including all types of cells in the testis (Brokelmann 1963; Mori and Christensen 1980) . Mitochondria are thus present in Leydig cells in the interstitial tissue and in all types of cells in seminiferous epithelium. Together with the functional difference of these cells, i.e., germinal cells for spermatogenesis, Leydig cells for producing testosterone, and Sertoli cells for supporting functions related to spermatogenesis, the different amounts of fatty acid b-oxidation enzymes in the mitochondria suggest functional differences among the mitochondria themselves, and such differences have not been investigated hitherto with regard to nutrient metabolism. The distribution of the enzymes as presented in the present study may indicate that mitochondria in various cell types differ not only in morphology but also in function. Energy metabolism in the seminiferous tubule has been considered to have features quite its own, in that the most important energy metabolite used in the spermatogenic cells is lactate produced by Sertoli cells from glucose (Boussouar and Benahmed 2004) . The presence of a mitochondrial fatty acid b-oxidation system, together with previous reports on the existence of factors that transport fatty acids: fatty acid binding protein (Kingma et al. 1998 ), fatty acid transporter (Gillot et al. 2005) , carnitine palmitoyl transferase 1 (McGarry 2001), and peroxisome proliferator-activated receptor a (Braissant et al. 1996) , which regulates the transcription of genes of fatty acid b-oxidation enzymes in Sertoli cells, may indicate that such a metabolic system is indeed present in the Sertoli cells.
Nothing has been reported about the relationship between this metabolic system and diseases of the testis with regard to mitochondrial fatty acid b-oxidation, although it is known that defective metabolism in the peroxisomal fatty acid b-oxidation system results in male infertility (Berger and Gartner 2006; Huyghe et al. 2006) . To determine the role of the mitochondrial fatty acid b-oxidation system in reproduction, further study is needed to clarify its role in the testis, which will involve analysis of isolated Leydig cells, Sertoli cells, or spermatogenic cells, together with research into the blood-testis barrier to show what types of nutrients including fatty acids can be transported through it. Figure 9 Quantitation of immunocytochemically visualized MTL1, TFP, and CS in every type of cell in rat testis, Leydig cells (Leydig) in the interstitial tissues, Sertoli cells (Sertoli), and germ cells (Sg, type B spermatogonium; Sc, primary spermatocyte; St, spermatid) in the seminiferous epithelium. Relative amounts of enzymes in these cells were evaluated by the immunolabel concentrations (A-C). The background staining was evaluated by the labeling densities of gold particles for mitochondria (Mit), peroxisomes (Per), rough-surfaced endoplasmic reticulum (rER), nuclei (Nuc), and cytoplasmic matrix (Cyt) of Leydig cells (D-F). Error bars indicate mean 6 SD. Note that the immunolabel concentrations of three types of enzymes for Leydig cells are higher than those for cells in the seminiferous epithelium. Note also that the labeling densities of peroxisomes and the other cellular compartments were distinctively lower than those of mitochondria, irrespective of enzymes. These differences were statistically significant.
